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Grassland-based dairy farms are important for the provisioning of milk
and ecosystem services. However, the key factors and interactions that
inﬂuence the feed use efficiency of grassland-based dairy farms in practice
are not well known and understood, and as a consequence no well-targeted
recommendations can be provided. This paper addresses the question ‘what
are the main factors that determine the variations in calculated feed efficiency
and N and P use efficiencies on dairy farms subjected to agri-environmental
regulations’. Monitoring and modeling data from ∼12000 grassland-based
dairy farms in The Netherlands over a 4 year period (2017–2020), collected
through the KringloopWijzer model, were analyzed and the data from 2020
were statistically analyzed in detail. Farms greatly differed in milk production
intensity (range <10 to >25 Mg per ha per yr) and in the amount of purchased
feed. The 5 and 95 percentile values of frequency distribution of the calculated
annual mean feed efficiency at herd level were 0.9 and 1.3 kg milk per kg
feed dry matter, respectively. Feed efficiency was statistically related to milk
yield and number of young stock per cow, the share of concentrates and
silage maize in the ration, and the net energy content of silage grass. At
herd level, the 5 and 95 percentile values of the calculated annual mean N
use efficiency increased with feed efficiency from 21 to 28%, and those of
the annual mean P use efficiency from 32 to 40%. Contrary to expectations,
mean surpluses of N and P at farm level remained more or less constant
with feed efficiency and the intensity of milk production, but the amounts
of purchased feed and manure export strongly increased with the intensity
of milk production. The N and P surpluses and use efficiencies at farm level
were sensitive to accounting for the externalization of feed production and
manure utilization. The modeled ammonia and methane emissions per kg milk
produced were relatively low on farms with high feed efficiency. In conclusion,
feed use and N and P use efficiencies are key indicator for the proﬁtability
and environmental performance of dairy farms. Differences between farms in
these key indicators were large, and these differences were related to a limited
number of explanatory variables. Our study provides lessons for improving the
proﬁtability and environmental performance of grassland-based dairy farms.
KEYWORDS

ammonia, externalization, feed efficiency, forage, manure, milk yield, production
intensity, nitrogen and phosphorus surpluses
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Highlights

milk solids produced, and feed inputs can be defined as gross,
digestible, metabolizable, or net energy used by a lactating dairy
cow or by the whole herd (including young stock). Essentially
all FE expressions have their value, depending on the purpose of
the study. For comparing FE of dairy farms, it is important to
account for the composition of the herd and the composition of
the milk produced. Thus, FE at farm level is defined here as the
ratio of the amount of fat and protein corrected milk (FPCM)
produced and the gross amount of feed consumed by the herd
(including young stock, i.e., replacement cattle) at a farm over
a whole year. Similarly, N use efficiency (NUE) at herd level is
defined as the ratio of the amount of N in milk and liveweight
gain and the amount of N in feed consumed by the herd at a farm
(including young stock) per year (Powell et al., 2010). Hence,
the feed consumed by dry and sick cows and young stock is also
accounted for in our definitions of FE and NUE and phosphorus
use efficiency (PUE) at herd level.
Feed efficiency in dairy production is influenced by many
factors (Korver, 1988; Connor, 2015). Dairy cattle are ruminants
and the quality and digestibility of the required forages are
main factors, also because forages make up a large part of the
total ration. Forage quality depends on the type and growth
stage at harvest, as well as on its conservation after harvest.
The introduction of whole-mixed rations has been important
for increasing FE of (partially) housed dairy cattle because it
allowed to offer the dairy herd a well-balanced and constant
ration (e.g., Sova et al., 2014). The composition and health of
the herd, lactation stage of the dairy cows, and the maintenance
requirements of the cattle are also important factors, as these
factors determine how much of the feed energy intake can be
devoted to milk production (Connor, 2015; Brito and Silva,
2020). Obtaining an average estimate of the FE at farm level
requires an assessment over a whole year, because of the seasonal
variations in the aforementioned factors.
Improving FE has been recognized worldwide as a way
to considerably reduce costs, minimize environmental impact,
optimize land and resource use efficiency, and improve overall
farm profitability. A better understanding of the nutritional
physiology of cattle and its nutrient requirements has led to
advancements in diet formulation, supplementation, and to
better techniques for feed processing and storage, and thereby
has greatly contributed to improving feed efficiency (Coffey
et al., 2016; De Ondarza and Tricarico, 2017; Tedeschi et al.,
2017). Feed efficiency depends also on the genetic traits of
the herd; the genetic merit of dairy cows in relation to milk
production and FE has increased greatly over the last few
decades, and further progress is possible (De Haas et al., 2015;
Brito et al., 2020). Equally important are the health, comfort
and longevity of the dairy herd, also because replacement cattle
requires feed for growth and development but produces no
milk yet. The quality of forages has increased through breeding
programs and through reseeding of pastures, and pasture
management has improved over time, through fertilization,

- Monitoring data of >12,000 dairy farms collected and
examined in uniform manner.
- Calculated feed efficiency was related to milk production
and young stock per cow.
- Calculated N and P use efficiencies at herd levels were
related to feed efficiency.
- Calculated ammonia emissions per kg milk were inversely
related to feed efficiency.
- Calculated methane emissions per kg milk were inversely
related to feed efficiency.
- Accounting for externalization of off-farm feed production
affects NUE and PUE.

Introduction
Feed and nutrient use efficiencies are important indicators
for the production and environmental performances of dairy
production, and thereby of its sustainability (Meyer and Garrett,
1967; Beever and Doyle, 2007; Powell et al., 2010). Feed costs
comprise on average more than 50% of the total cost of
production, indicating that small variations in feed efficiency
have a large effect on farm profitability. The amount of feed
needed to produce milk (and beef) has also massive implications
for the area of land needed to produce the required feed.
Global consumption of dairy products is projected to increase
by about 2% per year (OECD-FAO, 2018), indicating that
feed production has to increase as well, depending in part on
developments in feed efficiency. Increasing feed production will
put additional pressure on cropland and other resources needed
for feed production, which are limited (Van Zanten et al., 2018).
An added benefit to increasing feed efficiency is that fewer
nutrients will be excreted in manure, depending also on the
nutrient content of the feed. Lowering the nitrogen (N) and
phosphorus (P) contents of manure has considerable benefits
for intensive dairy farms struggling with manure management
(Franzluebbers et al., 2021; Oenema and Oenema, 2021). Feed
efficiency and the composition of the feed have also large
implications for enteric methane (CH4 ) production in dairy
cattle and for the composition of animal manure and associated
emissions of ammonia (NH3 ) and nitrous oxide (N2 O) (Gerber
et al., 2011; Westhoek et al., 2014; Powell and Rotz, 2015;
Løvendahl et al., 2018). Global dairy production contributed
almost one-third to the total greenhouse gas (GHG) and
NH3 emissions from livestock production during recent years
(Uwizeye et al., 2020).
Feed efficiency (FE) in dairy production is commonly
defined as some ratio of milk outputs and feed inputs. Milk
outputs and feed inputs can be defined in different ways thus
leading to different definitions of feed efficiency (Beever and
Doyle, 2007). Milk output can be defined in terms of milk or
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Mha). In addition nearly one-third of the feed (concentrates)
was imported from other countries. Most dairy farms are family
farms. In 2018, these farms had on average 95 dairy cows and 64
ha of land (80% grassland and 20% forage maize). Larger farms
(>150 cows) may have one or more laborers. Most dairy farms
make use of professional contractors for field work (manure
application and harvesting). About 25% of the dairy farms
make use of automatic milking systems (ZuivelNl, 2019). Before
2015, total milk production was limited by tradable milk quota,
and from 2017 by tradable production rights, expressed in kg
P2 O5 (1 kg P2 O5 is equivalent to on average 200–230 kg milk,
depending on milk production efficiency, and cost 100 to 200
euro per kg, depending on the balance of supply and demand in
the market).
All farms are required to adopt agri-environmental
regulations. Manure and fertilizer use is constrained by N and
P application limits (Schröder and Neeteson, 2008). Manure N
application limits ranged from 170 to 250 kg ha−1 yr−1 during
the last 5 years, depending on farm-specific permits. Total P
application limits ranged from 17 to 52 kg ha−1 yr−1 for arable
land and from 33 to 52 P ha−1 yr−1 for grassland, depending on
soil P status. There is a ban on the use of synthetic P fertilizer for
most dairy farms. Most dairy manure (∼95%) of housed cattle
is collected as slurry below slatted floor in cubicle houses. A few
farms have littered barns and solid manure. The slurry has to
be stored in leakproof and covered manure storages, and has to
be applied to land using low-emission techniques during the
period 16 February to 31 August. Manure production, manure
use, and manure export from the farm have to be registered at a
governmental office, which verifies the submitted data. Farms
with a surplus of manure have to process and export the surplus
manure to other farms, which costs e10 to 20 m−3 of slurry,
depending on the balance of supply and demand.

drainage, improved grazing management, and timely mowing
(Hopkins and Wilkins, 2006; Huguenin-Elie et al., 2019). The
introduction of forage maize has contributed to the provision
of energy-dense and low-protein forages (Wilkinson and Rinne,
2018; Taube et al., 2020).
While most pig and poultry producers know the FE of the
animals at their farm from the accounts of purchased feed and
sold animals, most grassland-based dairy farms do not know the
FE of the herds at the farm. This is related to the fact that a
significant fraction of the feed on grassland-based dairy farms
originates from own farm land (through grazing and mowing),
while the harvested yields are not measured. As a consequence,
there is very little information on variations in FE of grasslandbased dairy farms, and on the possible causes of this variations.
Thus feed trials are needed to estimate FE on grassland-based
dairy farms (De Haas et al., 2015). Alternatively, feed intake can
be calculated indirectly, on the basis of the energy and protein
requirements of the cattle and the measured composition of the
offered feed; this procedure requires a calculation model and an
accurate accounting system, such as the KringloopWijzer, which
is used on dairy farms in the Netherlands since 2016 (Oenema
and Oenema, 2021). Evidently, this calculated FE of the whole
herd (lactating and non-lactating cows plus young stock) is a
proxy of the ‘true’ FE measured in feed trials.
Here, we provide a detailed analysis of the variations in
calculated FE of ∼12,000 grassland-based dairy farms in the
Netherlands for the period 2017–2020, using the results of
monitoring data and supported by model calculations of the
KringloopWijzer. The overall objective of our study was to
increase the understanding of the variations in FE of the herd
on dairy farms, and to unravel the causes of these variations,
through graphical and statistical analyses. The specific research
questions were (i) what are the variations in calculated FE at
farm level, and which factors explain most of this variation,
(ii) what are the variations in calculated NUE and P use
efficiency (PUE) at herd and farm levels, and which factors
explain most of this variation, and (iii) how do calculated
ammonia (NH3 ) and enteric methane (CH4 ) emissions and
N and P surpluses at farm level relate to calculated FE, NUE
and PUE. This study builds on an earlier study (Oenema and
Oenema, 2021), which analyzed farm data collected through the
KringloopWijzer for the years 2013–2015, and focused on the
relationships between the intensity of milk production and farm
performance indicators.

Data collection
Formal permission was obtained from the Dutch Dairy
Association (ZuivelNL) to use and analyze data from dairy
farms anonymously. The data were collected through the
KringloopWijzer on an annual basis during the years 2017–
2020, but only the 2020 data are used and presented here (see
below). Farmers have to complete the data recording in the
KringloopWijzer, often with the help of advisors, and submit the
results to the Dairy Association for compliance reasons. Farmers
use the results also for management decisions.
The KringloopWijzer model and the data collection
procedures are described in detail in the Supplementary
Information (Supplementary Information A). Four components
are distinguished within a dairy farm, i.e., herd, manure, soil
and crop (Supplementary Figure S1, Supplementary Table S1).
The KringloopWijzer model estimates the energy requirement
and supply of the herd, and the N and P flows through the

Materials and methods
Dairy farming in the Netherlands
In total, there were about 17,000 grassland-based dairy farms
in the Netherlands in 2018, which produced 14.1 Tg milk per
year, and used about two-third of the total agricultural area (1.8
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and a statistical approach. In the graphical approach, all farm
were ordered in ascending feed efficiency (FE, in kg feed DM
(FeedDM ) per kg milk produced), and then divided in 6 ‘Feed
efficiency groups’ according to percentile values (0–10; 10–30;
30–50; 50–70; 70–90; and 90–100%). Hence, groups at the end
of the distribution were smaller (having fewer farms), because
the variation among farms is larger at the tails of the distribution
than in the center of the distribution (Supplementary Figure S2).
The differences between the means per feed efficiency group
were statistically analyzed by means of ANOVA, using GenStat
(VSN International, 2019). The variation among farms in
indicator values for each efficiency group were visualized by
means of box plots, which present the 25 and 75 percentile
values, and the whiskers present the 5 and 95 percentiles. The
line in the boxes indicates the median value.
Following Quemada et al. (2020), the effects of
externalization of (inefficiencies associated with) feed
production, through the purchase of feed from elsewhere,
and manure utilization, through export of manure to other
farms, were explored by assuming that the N and P in purchased
feed was produced with N use and P use efficiencies of 75%,
and that the exported manure N was utilized by an efficiency
of 50% and manure P with an efficiency of 100%. Hence, we
increased the N and P inputs from purchased feed by a factor
of 1.33 and halved the amounts of N exported in manure in
additional sensitivity analyses. These correction factors were
chosen quite arbitrarily. A N and P use efficiency of 75% for
purchased feed is higher than the global mean efficiency in crop
production (range 40–50%). However, purchased feed often
contains by-products and residues (e.g., spent grains, citrus
pulp), and to account for these residues we assumed a N use
efficiency of 75. The corrected N and P surpluses and NUE
and PUE are indicated by “corrected N and P surpluses” and
“corrected NUE and PUE”, and provide rough indications of
the possible effects of externalization of feed production and
manure utilization on intensive dairy farms.
In the statistical approach, relationships between FE, NUE,
PUE, N and P surpluses on the one hand and explanatory
indicators on the other hand were analyzed with multiple
regression models. Prior to the analysis all variables were
standardized; the mean value was subtracted from each
observation and the result divided by the standard deviation
of the mean (i.e., all observations were rescaled per variable;
the rescaled observations have a mean of 0 and a standard
deviation of 1). We established regression models using a
range of potential explanatory indicators (predictors). The
relevance of variables was tested using the RSEARCH procedure
in GenStat (all possible subset selection; VSN International,
2019). Only explanatory indicators (regressors) that were
sufficiently uncorrelated (r < 0.70) have been included in the
selection process to avoid the problem of collinearity (Ott and
Longnecker, 2010). In case of high correlations, one of the
variables was selected for inclusion in the selection process
and the other was rejected. To identify the best parameter

four components of a farms. An output from one component
is an input into another component of the farm, but losses
are incurred in these transfers. All feed and N and P inputs
and outputs at farm level were estimated, based on farm
accounts (purchased feed, fertilizers, manure, and exported
milk, animals, crop products and manure) and calculations
(Supplementary Information A).
The net energy (NE) requirement of cattle is the starting
point of the feed use calculations; the NE requirement is
expressed in VEM (1 VEM = 6.9 kJ). The total VEM
requirement is the sum of the VEM requirement for milk
production, maintenance, liveweight gain and reproduction
(SI A). For maintenance costs, a distinction is made between
lactating cows and dry cows, and between grazing and zerograzing. The VEM requirement of the total dairy herd (in VEM
year−1 ) is the sum of the VEM requirement of dairy cows, and
heifers and calves (replacement dairy cattle). Corrections were
made for the feed requirement of any other animals (e.g., beef
cattle) on some of the farm; these animals were excluded from
the analysis of FE of the dairy herd.
Total annual N and P surpluses at farm level were derived
from the difference in total input and total outputs. The N and
P use efficiencies at farm level (NUEFarm and PUEFarm ) were
derived from the ratio of total output and total input. Note that
manure export was recorded as a negative import (and not as
an output), following Quemada et al. (2020), because this way
of recording provides calculated estimations of NUEFarm and
PUEFarm which allow a more precise comparison among dairy
farms greatly differing in milk production intensity and manure
export (Oenema and Oenema, 2021). A detailed description of
the algorithms of the KringloopWijzer model can be found in
Supplementary Information A and in De Vries et al. (2020).
Supplementary Table S2 provides a summary overview of
the farm data from 2017 to 2020. All farm data were checked
for plausibility, using a checklist with criteria. For the 2017 data,
31% of the farms were rejected, for 2018 a total of 18%, for
2019 a total of 15% and for 2020 a total of 12% were rejected.
Evidently, the quality of the data recording improved over time.
Main reasons for rejection of farms were (1) incomplete records,
and (2) unlikely records (e.g., harvested grass yields of >20 t
(DM ha)−1 ). We estimated a wide range of indicator values
and found that the mean values for the main indicators were
rather similar for the 4 years (Supplementary Table S2), although
weather conditions differed greatly between these years. Based
on the similarity, we decided to analyze only data from 2020 in
detail. The sample of farms is representative for dairy farms in
The Netherlands; the average farm size and milk production per
cow and per ha were similar to the national means (not shown).

Data analyses
Two approaches were applied to unravel feed use and N
and P use efficiencies on dairy farms, i.e., a graphical approach
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combinations, the percentage of variance accounted for (R2adj ;
i.e., adjusted for the number of parameters), the value of
Mallows’ Cp (Ott and Longnecker, 2010), and the p value of
the parameter estimates were evaluated. The selected models
were based on the marginal increase of R2adj with increasing
number of variables, a low Cp, and the significance of the
parameters (p < 0.05). Results of the regression models for the
standardized variables are presented in Table 3, and those with
the unstandardized variables are presented in SI C.

group 6, and mean PUEherd from 32.3 to 39.7, respectively
(Table 2). However, the relative differences between the means
of FE groups 1 and 6 were larger for FE (44%) than for NUEherd
(30%) and PUEherd (23%). This is related to the fact that the
crude protein and P contents of the rations were slightly higher
in group 6 than in group 1 (Table 2), and to the fact that NUEherd
and PUEherd account for the retention of N and P in both milk
and liveweight gain, while FE in our study is only related to milk
output. Clearly, group 1 farms had relatively larger output of N
and P via animals than group 6 farms.
Mean NUEfarm increased from 37% in group 1 to 45% in
group 6, while mean PUEfarm was more or less constant across
all feed efficiency groups (range 102 to 113%) (Table 2, Figure 2).
The increase of NUEfarm is in part related to the increase in FE
(more milk per kg feedDM ), but in part also to the externalization
of feed production. Farms with relatively high FE had a relatively
large milk production per ha farm land, and therefore had to
import a significant portion of the required feed. If we correct
for externalization, by assuming that the purchased feed was
produced by a N use efficiency of 75%, and that the exported
manure was utilized on other farms with an N use efficiency
of 50%, NUEfarm decreases from 37 to 32% in group 1 and
from 45 to 36% in group 6 (Table 1). The high and relative
constant PUEfarm across FE groups is mainly a result of strict
P application limits, which depend on soil P levels, and which
force dairy farms with a manure surplus to export the manure
to other farms. Mean export of manure P increased from 3 kg
in group 1 to 14 kg ha−1 yr−1 in group 6, while mean export
of manure N increased from 18 kg in group 1 to 96 kg ha−1
yr−1 in group 6. A PUEfarm >100% indicates that P outputs
exceed P inputs, and that soil P is likely depleted, which is
indeed the purpose of the P application regulation; leaching
and runoff of soil P to surface waters depend in part on soil P
status. Thus lowering of the soil P status will decrease P leaching
loss. If soil P decreases below certain target soil P values, P
application limits become less strict (Schröder and Neeteson,
2008).
Results of the statistical approach are summarized in Table 3.
As much as 93% of the variance in FE could be accounted
for by variations in six explanatory variables (predictors).
Milk yield and number of young stock per cow were the
main influencing variables, followed by the net energy content
for lactation in silage grass, and the shares of silage maize
and concentrates in the rations. Similarly, the variances in
NUEherd and PUEherd were explained for 90% by just five
variables; milk production per cow and the crude protein
content (for NUEherd ) and the P content (for PUEherd ) of
the ration were the dominant influencing variables (Table 3).
Interestingly, the variances in NUEfarm and PUEfarm were
strongly related to the N use efficiency of the soil and the
P use efficiency of the soil, respectively (Table 3). Hence,
NUEfarm and PUEfarm are more influence by the nutrient use
efficiency of the soil-crop compartment than by NUEherd and
PUEherd , respectively.

Results
Feed and nutrient use efficiencies of dairy
farms
Mean FE at farm level ranged from 0.93 kg FCPM (kg
feedDM )−1 for feed efficiency (FE) group 1 to 1.34 kg FCPM
(kg feedDM )−1 for group 6 (Table 1). The frequency distribution
of FE was highly peaked, and slightly skewed to the left
(Supplementary Figure S2). Yet, the relatively small differences
between the six groups in mean FE were statistically significant.
Many other performance indicators also differed significantly
between groups (Tables 1, 2). This indicates that FE is a key
performance indicator and related directly or indirectly to many
other farm performance indicators. It should be noted however,
that the statistically significance of the differences between the
means per group for nearly all indicators is in part related to
the very large number of farms underlying the mean values in
Tables 1, 2.
The variation among farms in FE was largest in the endmembers of the FE groups (Figure 1), despite the fact that these
groups contained half as many farms (Table 1). Farms in feed
efficiency groups 2 to 5 had low within-group and also low
between-group differences in FE. The mean number of young
stock per 10 cows ranged only from 5 to 6 in these groups,
suggesting that contract rearing of young stock did not affect the
mean FE of these groups much. Farms with a high FE (group
6) had on average a relatively high milk production per cow
(10.1 Mg cow−1 ) and per ha land (23.3 Mg ha−1 ), and only a
few young stock per cow (Figure 1), suggesting that this high
apparent FE is in part related to contract rearing. These farms
also had relative large shares of silage maize and concentrates
in the ration, and a relatively low grazing intensity (Tables 1, 2).
This indicates that farms with high FE (group 6) were large in
total milk production but not in farm area, and that they had to
import a significant portion of the total feed required (Table 1).
Farms in group 1 with a relatively low FE were diverse, and
had a relatively low milk production per cow (6.7 Mg cow−1 )
and ha (10.0 Mg ha−1 ), applied a high grazing intensity (1,958 h
year−1 ), and had on average a high number of young stock per
cow [7.2 (10 cows−1 )].
NUE and PUE at herd level were strongly related to FE;
mean NUEherd increased from 21.5% for group 1 to 27.9% for
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TABLE 1 Mean farm characteristics and indicators of 12,770 dairy farms for the year 2020.

Indicators

Groups of farms, ordered in ascending order of feed efficiency
1
0–10%

2
10–30%

3
30–50%

4
50–70%

5
70–90%

6
90–100%

Feed efficiency (kg FPCM (kg DM)−1 )

0.93

1.08

1.15

1.19

1.24

1.34

Number of farms per group

1,277

2,559

2,527

2,556

2,553

1,272

52 a

56 b

58 bc

60 cd

60 cd

61 d

General farm characteristics
Total farm area (ha)
Share of grassland (%)

90 f

88 e

86 d

85 c

82 b

81 a

498 a

744 b

927 c

1,041 d

1,177 e

1,305 f

Milk production (kg ha−1 )

9,962 a

13,615 b

15,998 c

17,759 d

19,814 e

23,292 f

Milk production (kg cow−1 )

6,657 a

8,035 b

8,792 c

9,252 d

9,678 e

10,077 f

Young stock [number (10 cows−1 )]

7.2 f

6.0 e

5.6 d

5.2 c

4.5 b

2.7 a

Purchased heifers [number (100 cows−1 )]

2a

2a

2 ab

3b

6c

14 d
635 a

Total milk production per farm (Gg yr−1 )

−1

Grazing intensity (hours yr )

1,958 f

1,432 e

1,127 d

954 c

764 b

N use efficiency farm (%)

37 a

37 a

38 b

40 c

42 d

45 e

Corrected N use efficiency farm (%)*

31 bc

31 a

31 ab

31 abc

31 c

33 d

N surplus farm (kg ha−1 )

192 a

237 b

263 c

279 d

302 e

332 f

Corrected N surplus farm (kg ha−1 )1

182 a

222 b

242 c

251 d

266 e

283 f

15 f

13 e

12 d

11 c

10 b

9a

N surplus farm (g (kg FPCM)−1 )
−1

Corrected N surplus farm (g (kg FPCM) )*

18 f

16 e

16 d

15 c

14 b

14 a

Total N output (kg ha−1 )

96 a

128 b

156 c

179 d

210 e

264 f

N output in milk and animals (kg ha−1 )

65 a

86 b

99 c

109 d

122 e

144 f

N output in manure (kg ha−1 )

18 a

29 b

43 c

56 d

72 e

96 f

1.34 a

1.59 b

2.02 c

2.40 d

2.76 e

3.20 f

N output in manure [g (kg FPCM)−]
N in purchased feed (kg ha−1 )

95 a

135 b

166 c

190 d

222 e

273 f

109 ab

102 a

103 a

113 b

111 ab

109 ab

Corrected P use efficiency farm (%)*

44 a

71 b

78 b

77 b

75 b

73 b

P surplus farm (kg ha−1 )

2d

1c

1b

0a

0a

0a

Corrected P surplus farm (kg ha−1 )*

7a

8b

9c

9c

10 d

13 e

0.2 d

0.1 c

0.1 b

0.0 a

0.0 a

0.0 a

Corrected P surplus farm [g (kg FPCM) ]*

0.6 d

0.6 c

0.5 bc

0.5 a

0.5 ab

0.5 abc

P output in milk and animals (kg ha−1 )

13 a

17 b

19 c

21 d

24 e

28 f

Total P output (kg ha−1 )

18 a

23 b

28 c

31 d

36 e

45 f

P output in manure (kg ha−1 )

3a

5b

7c

8d

11 e

14 f

P output in manure [g (kg FPCM)−1 ]

0.2 a

0.3 a

0.3 b

0.4 c

0.4 d

0.5 e

P in purchased feed (kg ha−1 )

15 a

20 b

25 c

28 d

32 e

39 f

P use efficiency farm (%)

P surplus farm [g (kg FPCM)−1 ]
−1

−1

Total NH3 emissions (kg ha )

50 a

57 b

60 c

61 d

62 e

64 f

Total NH3 emissions [g (kg FPCM−1 )]

4.9 f

4.0 e

3.6 d

3.3 c

3.0 b

2.7 a

Corrected NH3 emissions [g (kg FPCM−1 )]**
Total GHG emissions [g CO2 -eq (kg

1.4 f

1.2 e

1.1 d

1.0 c

1.0 b

0.9 a

1,381 f

1,262 e

1,210 d

1,175 c

1,146 b

1,118 a

626 f

547 e

514 d

492 c

464 b

420 a

FPCM−1 )]
Enteric CH4 emissions [g CO2 -eq (kg
−1

FPCM )]
Farms were ordered in ascending order of Feed efficiency (kg FPCM (kg DM)−1 ) and then divided in 6 subsequent groups according to percentile values.
The means are presented for each group.
Different letters behind numbers in a row indicate that the means of the indicator values were significantly different between groups (P < 0.05).
*Corrected for the externalization of purchased animal feed and exported animal manure. We assumed that the feed was produced with an efficiency of 75% for both N and P, and that
exported manure N was utilized with an efficiency of 50% and manure P with an efficiency of 100%.
**Emissions of NH3 from housing systems were estimated using a uniform emission factor of 15% of the TAN content in the manure (see text).
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TABLE 2 Mean performance indicators of herd management and soil and crop management of 12,770 dairy farms for the year 2020.

Indicators

Groups of farms, ordered in ascending order of feed efficiency
1
0–10%

2
10–30%

3
30–50%

4
50–70%

5
70–90%

6
90–100%

N use efficiency herd (%)

21.5 a

23.6 b

24.8 c

25.6 d

26.5 e

27.9 f

P use efficiency herd (%)

32.3 a

35.4 b

36.6 c

37.7 d

38.5 e

39.7 f

Milk urea content [mg (100 g milk)−1 ]

23.0 e

22.1 d

21.6 c

21.2 b

21.0 a

21.1 a

CP content ration [g (kg DM)−1 ]

164 a

167 c

167 c

167 bc

166 b

167 bc

Share of maize in ration (%)

13 a

15 b

17 c

19 d

21 e

23 f

Share of concentrates in ration (%)

21 a

25 b

26 c

27 d

28 e

30 f

Indicators herd management

Share of by-products in ration (%)

3a

4b

5c

6d

6e

7f

Share of grass silage in ration (%)

43 f

41 e

40 d

38 c

36 b

33 a

21 f

15 e

12 d

10 c

8b

7a

864 a

885 b

896 c

907 d

914 e

921 f

N use efficiency soil (%)

72 c

69 b

68 ab

68 ab

67 a

67 a

P use efficiency soil (%)

97 a

98 a

101 ab

104 b

105 b

113 c

N surplus soil (kg ha−1 )

100 a

120 b

125 c

126 c

127 c

128 c

N manure to soil (kg ha−1 )**

214 a

230 b

234 d

233 cd

232 cd

231 bc

N mineral fertilizer to soil (kg ha−1 )

93 a

117 b

123 cd

124 d

124 d

120 c

P manure to soil (kg ha−1 )**

29 ab

30 c

30 c

30 b

29 ab

29 a

P mineral fertilizer to soil (kg ha−1 )

0.1 a

0.2 ab

0.2 ab

0.2 b

0.2 b

0.2 ab

Share of grazed grass in ration (%)
−1

Energy content grass silage [g VEM (kg DM) ]*
Indicators soil management

DM yield grassland (Mg ha−1 )

8.8 a

9.4 b

9.6 c

9.7 c

9.7 c

9.6 c

DM yield silage maize (Mg ha−1 )

16.3 a

16.8 b

17.3 c

17.4 cd

17.5 d

17.5 cd

74 f

67 e

63 d

60 c

56 b

52 a

Farm-produced feed (% of total feed intake)

Farms were ordered in ascending order of Feed efficiency [kg FPCM (kg DM)−1 ] and then divided in six subsequent groups according to percentile values.
The means are presented for each group.
Different letters behind numbers in a row indicate that the means of the indicator values were significantly different between groups (P < 0.05).
*VEM, feed energy unit for lactation: 1 VEM = 6.9 kJ.
**amounts of manure N and P applied, plus manure N and P from droppings during grazing.

Nitrogen and phosphorus surpluses as
function of feed efficiency

surplus was 182 for group 1 and 283 kg ha−1 yr−1 for group 6;
hence, the difference between the two groups in mean corrected
N surplus was as much as 101 kg ha−1 yr−1 , i.e., the difference
more than doubled (Table 1).
Mean N surplus decreased with an increase in FE, when
expressed in amounts of N per kg milk produced; mean N
surplus was 15 g for group 1 and 9 g (kg FCPM)−1 for group
6. This difference of 6 g N (kg FCPM)−1 remained following
corrections for the externalization of feed production and
manure utilization (Table 1).
Mean P surplus was relatively constant across FE groups
(range 0 to 2 kg ha−1 yr−1 ) (Figure 2), but increased to 7 kg for
group 1 and 13 kg ha−1 yr−1 for group 6 following corrections
for the externalization of feed production and manure utilization
(Table 1). Mean P surplus was also relatively constant across
FE groups when expressed in amounts of P per kg milk
(range 0 to 0.2 g (kg FCPM)−1 ), also following corrections for
externalization (range 0.5 to 0.6 g (kg FCPM)−1 ) (Table 1).

Mean N surplus at farm level increased with an increase
in FE (Figure 2). Mean N surplus was 151 kg ha−1 yr−1 for
group 1 and 193 kg ha−1 yr−1 for group 6 (Table 1). Thus
farms of group 6 had higher risk of N loss than farms of
group 1.This increase is largely related to the larger manure
production, and hence larger gaseous N losses from manure
in housing systems and manure storages in feed efficiency
group 6 compared to group 1. The relative small difference in
mean N surplus (42 kg ha−1 yr−1 ) between farms in group 1
and group 6, while mean milk production more than doubled
(from 10.0 to 23.3 Mg ha−1 yr−1 ), is in part related to the
externalization of feed production and manure utilization by
dairy farms with high FE and high milk production per ha
(Tables 1, 2). Following corrections for the externalization of
feed production and manure utilization, the mean corrected N
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FIGURE 1

Boxplots of indicator values per group of farms. (A) Feed efficiency expressed in kg feed dry matter (DM) needed per kg milk produced; (B) milk
production per ha of farmland; (C) milk production per cow; and (D) number of young stock per 10 cows. The 12.770 farms were ordered in
descending order of feed efficiency (expressed in kg feed DM needed per kg milk produced) and then divided in six ‘Feed efficiency groups’
according percentile values (0–10; 10–30; 30–50; 50–70; 70–90; and 90–100%).

The variances in mean N surplus and mean P surplus were
largely accounted for by the N use efficiency of the soil and the P
use efficiency of the soil, respectively (Table 3). Milk production
per ha also explained a significant portion of the variance in N
surplus, but not in P surplus.

the manure to grassland and forage land (including droppings
from grazing animals). Synthetic N fertilizers and feed storages
were minor sources, as calcium ammonium nitrate (CAN; the
main N fertilizer) has a low emission potential, and grass and
maize silages were well-preserved, in general. Mean total NH3
emissions increased from 50 kg ha−1 yr−1 for FE group 1 to
64 kg ha−1 yr−1 for FE group 6 (Table 1). However, mean total
NH3 emissions decreased with FE group when expressed in
amounts of NH3 per kg milk; from 4.9 g NH3 (kg FCPM)−1 for
group 1 to 2.7 g NH3 (kg FCPM)−1 for group 6 (Table 1). This
decrease is related to the increasing milk production per mass
of manure N produced, the decreasing number of young stock

Emissions of NH3 and CH4 as function of
feed efficiency
Emissions of NH3 mainly originated from cattle manure
in housing and manure storages and following application of
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FIGURE 2

Boxplots of indicator values per group of farms. (A) Nitrogen surplus per ha of farmland; (B) Phosphorus surplus per ha of farmland; (C) Nitrogen
use efficiency (NUE) at farm level; and (D) Phosphorus use efficiency (NUE) at farm level. The 12.770 farms were ordered in descending order of
feed efficiency (expressed in kg feed DM needed per kg milk produced) and then divided in six “Feed efficiency groups” according percentile
values (0–10; 10–30; 30–50; 50–70; 70–90; and 90–100%).

per cow, and the increasing manure export. The variation within
groups was relatively large, especially for group 1 (Figure 3). The
variation between farms in NH3 emissions was largely related
to the amounts of manure in housing systems and storages,
and to the total ammonium (TAN) content of the manure,
and not to manure storage type and application technique,
because all farms had covered manure storages and had to use
low-emission manure application techniques. The TAN content
was related to the content and digestibility of protein in the
ration, the N retention in animal products, and to the grazing
intensity. We used a uniform NH3 emission factor (15% of
TAN) for the manure in housing systems, even though about 15–
20% of the farms have low-emission housing systems. However,
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there is debate about the effectiveness of these housing systems
in practice (Erisman, 2021). Further, using different emission
factors for housing systems would obscure the effects of FE on
total NH3 emissions. The statistical analysis revealed that the
variance in mean NH3 emissions per farm was strongly related
to the variance in NUEherd , while the protein content of the
ration had a relatively minor influence (Table 3).
Emissions of CH4 from dairy farms mainly originate from
enteric fermentation in cattle and methanogenesis in stored
cattle slurries, roughly in a ratio of 4:1 when averaged over
all dairy farms in NL (Van Bruggen et al., 2021). Calculated
emissions of CH4 from enteric fermentation decreased with an
increase of FE; mean CH4 emissions were on average slightly
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more than 0.6 kg CO2 -eq (kg FCPM)−1 in group 1 and slightly
more than 0.4 kg CO2 -eq (kg FCPM)−1 in group 6 (Figure 3).
The statistical analysis revealed that the variance in mean enteric
CH4 emissions per farm was strongly related to the variance in
FE (Table 3). Enteric fermentation contributed on average 40 to
60% to the total GHG emissions from dairy farms. Imported feed
and fertilizers also had a large share in the total GHG emissions;
the emissions associated with feed and fertilizers were estimated
using a LCA approach (Supplementary Information A).

information can be used to derive recommendations to increase
FE in practice and thereby the environmental performance
of dairy production. However, some of the improvement in
environmental performance on farms with relatively high FE
is created by the externalization of production aspects (feed
production, rearing young stock, manure utilization), and thus
are overestimates.
Following the implementation of the KringloopWijzer
in 2016, dairy farmers in The Netherlands have become
informed for the first time on FE and a wide range of
other farm performance indicators. These indicators may guide
farmers (and their advisors) to increase the performance and
sustainability of the farm. Farm advisors recently inferred “feed
profit” (FP) from the KringloopWijzer and additional data,
which is equivalent to income from milk sales minus direct
feed cost [also known as marginal income over feed cost (Bach
et al., 2020)]. This is a common indicator for the economic
performance of confined animal feeding operations, including
pork and poultry producers (e.g., De Llata et al., 2001), but
is now also available for grassland-based dairy farms in the
Netherlands. In 2018, milk price was about e0.35 per kg milk
and mean FP was e0.22 per kg milk, but with large differences
between farms (equivalent to ± e400 ha−1 yr−1 (Personal
Communication Jaap Gielen, farm advisor). Indicators derived
from the KringloopWijzer are also increasingly used to certify
milk production methods. Farmers get a premium of e 0.015 per
kg milk when cows graze at least 120 days per year for more than
6 h per day. Farmers get a premium of e 0.02 per kg milk when
they comply with the targets of “on the way to Planet Proof ”,
which include targets for grazing intensity and GHG emissions.
The KringloopWijzer may be used also to monitor the progress
in solving the nitrogen crises, because the dairy sector has a large
share in this (Erisman, 2021).

Discussion
Toward sustainable dairy production in
the Netherlands
Sustainable dairy production commonly encompasses the
notion that the milk production must be achieved with little
inputs and with little pollution of the environment, while
protecting birdlife, biodiversity, and natural landscape elements
(Van den Pol-van Dasselaar et al., 2008; Bos et al., 2013; Clay
et al., 2020). The dairy production sector in The Netherlands
is commonly seen as an economically strong sector (ZuivelNl,
2019), but this sector is strongly implicated in the so-called
nitrogen crisis (Stokstad, 2019; Erisman, 2021; Lamkowsky et al.,
2021), greenhouse gas emissions and the decline of soil life
and birdlife (Onrust et al., 2019; Tanis et al., 2020). Our study
suggests that feed efficiency (FE) plays an important role here,
through the relationship between FE and feed cost (see below),
and between FE and emissions of NH3 and enteric CH4 per kg
of milk produced (Tables 1, 2, Figure 3). Likely, there is also a
connection between FE and the declines in soil life and birdlife
and landscape diversity, as drainage and the intensification
and rationalization of grassland use have contributed to high
quality feed for a relatively low price, but at the same time have
negatively impacted soil life, birdlife and landscape diversity.
However, the latter is beyond the scope of the current study; also
because no data on soil life, birdlife and landscape diversity is
collected in the KringloopWijzer (apart from grazing intensity).
Our study confirms that FE is a key sustainability indicator
for dairy farms. The importance of FE for dairy production has
been known for long time (Meyer and Garrett, 1967; Korver,
1988; Beever and Doyle, 2007), but this notion was largely
inferred from feed trials, experimental studies and confined
animal feeding operations. Instead, our conclusions are based on
calculations and monitoring data of a large number of common
grassland-based dairy farms. There are large differences between
these farms in a wide range of indicators values (Tables 1, 2).
Differences are notably large between forerunners and laggers
(Lamkowsky et al., 2021). Our results indicate that FE is
inversely related to NH3 and enteric CH4 emissions per kg
milk produced (Figure 3), and that the variance in FE can be
explained by a limited number of key variables (Table 3). This
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Variations in FE
The median FE was 1.17 kg FCPM (kg feedDM )−1 (mean
FE was 1.16) across all 12,770 dairy farms in 2020 (Table 1,
Supplementary Figure S2). This value is significantly lower than
the mean FE of 1.41±0.15 kg FCPM (kg feedDM )−1 estimated
for a sample of 90 dairy farms in Italy (Atzori et al., 2021), based
on an interview with farmers and additional calculations. It is
also much lower that the median values (1.46 to 1.53 kg FCPM
(kg feedDM )−1 for lactating dairy cows derived in a simulation
study (Bach et al., 2020). Even the mean FE (1.34 kg FCPM (kg
feedDM )−1 of the dairy farms in the 90–100 percentile group
do not achieve the FE values mentioned by Bach et al. (2020)
and Atzori et al. (2021). The main reason for these differences is
that our FE estimates are gross estimates at herd level (including
young stock) over a whole year, while the aforementioned
estimates relate to a certain lactation stage of lactating dairy cows
only. The FE of lactating Holstein Frisian dairy cows commonly

10

frontiersin.org

Predictors (explanatory variables)

Standardized regression coefficients for farm performance indicators
Feed efficiency NUE herd PUE herd NUE farm PUE farm N surplus P surplus Corrected NH3 emissions* Enteric CH4 emissions

Milk production (kg cow−1 )

0.605

0.534

0.469

Young stocks [Number (10 cows)−1 ]

−0.527

−0.304

−0.120

Grazing intensity (hours yr−1 )

−0.031

Milk production (kg ha−1 )

0.117

Share of maize in ration (%)

0.130

Share concentrates in ration (%)

0.145

Share by-products in ration (%)

0.058

Share grass silage in ration (%)
CP content ration (g (kg DM)−1 )

0.038

0.382
0.146

−0.112
0.124

0.139

−0.139

−0.126

−0.143

0.089
0.10

−0.600
−0.762

0.150

0.145

0.163

−0.032

11

CP grass silage [g (kg DM)−1 ]

0.101

FE [kg FPCM (kg DM)−1 ]

−0.749

N use efficiency herd (%)

0.257

P use efficiency herd (%)
0.771

P use efficiency soil (%)
R adj

−0.117
0.031

N use efficiency soil (%)
2

−0.074

−0.175

P content ration [g (kg DM)−1 ]
Energy content grass silage [g VEM (kg DM)−1 ]

Oenema and Oenema
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TABLE 3 Results multiple regression analysis.

−0.013
−0.919

0.919
93

90

90

66

−0.838

85

−0.912
87

82

79

60

Standardized regression coefficients for main farm performance indicators.
*Emissions of NH3 from housing systems estimated using a uniform emission factor of 15% of the TAN content in the manure (see text).
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FIGURE 3

Boxplots of indicator values per group of farms. (A) Total NH3 emissions, expressed in g NH3 per kg milk; and (B) Enteric CH4 , expressed in g
CO2 -eq per kg milk. The 12.770 farms were ordered in descending order of feed efficiency (expressed in kg feed DM needed per kg milk
produced) and then divided in six “Feed efficiency groups” according percentile values (0-10; 10-30; 30-50; 50-70; 70-90; and 90-100%).

ranges from 1.2 to 1.8 kg FCPM (kg feedDM )−1 , where the lower
value relates to concern cows and to cows >200 days in milk.
The higher value relates to mature (2nd and higher lactation)
and productive cows <100 days in milk (Beever and Doyle, 2007;
Arndt et al., 2015).
The variation among farms in FE was positively related
to milk production per cow and negatively to the number of
young stock per cow (Table 3). The statistical analysis allowed
to estimate FE also at dairy herd level without young stock
for each efficiency group (Supplementary Figure S4). Correcting
FE for young stock increased the mean FE especially for feed
efficiency group 1. Note also that some farms in efficiency groups
5 and 6 outsourced the rearing of young stock; these farms
purchased more heifers (Table 1). The shares of silage maize and
concentrates in the ration and the energy content of grass silage
also had positive relationships with FE. These relationships are
all well-understandable; the higher the milk yield per cow, the
lower the maintenance cost (Connor, 2015; Brito et al., 2020),
and the lower the number of young stock per cow, the lower the
allocation of feed energy and protein to liveweight gain (which is
not accounted for in our gross FE estimation). The importance
of silage maize is relevant, also because about 30% of the farms
may not be able to grow silage maize in NL because of poor soil
conditions (poor drainage, heavy clay, peat soils). The growth of
silage maize on sandy soils is well possible, but under pressure
because of the associated high risk for nitrate leaching.
The importance of concentrates is well-known by farmers,
but its mean cost (∼e0.28 kg−1 ) are much higher than that
of fresh grass harvested through grazing (∼e0.05 kg−1 ), silage
grass (∼e0.11 kg−1 ), and silage maize (∼e0.07 kg−1 ) produced
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on the farm (note that land costs are not included here).
Cost of purchased silage maize and grass are in the range
of ∼e0.15 kg−1 , i.e., higher than the variable cost of farmproduced feed. Average feed cost ranges between e0.16 to e0.18
kg−1 , i.e., about 50% of the total cost of milk production
(Personal Communication Jaap Gielen, farm advisor). Evidently,
a common strategy is to lower FE and to increase the yield
of farm-produced feed. Increasing FE through increasing milk
production per cow and lowering the number of young stock per
cow is economically attractive as the mean revenues from milk
sales contributed 85–90% to the total revenues of dairy farms
in the Netherlands, sales of animals 4 to 8%, and EU income
allowances and subsidies 5 to 9% (Agrimatie, 2021). Farms of
FE group 1 had a mean FE of 0.93 FCPM (kg feedDM )−1 ; these
farms were relatively small (0.5 Gg milk yr−1 ), and had on
average a relatively low milk production per cow and ha, a high
number of young stock per cow, and many grazing hours.

Variations in NUE and PUE
NUEherd and PUEherd were positively related to FE,
indicating that increasing FE has also positive impacts on
N and P use efficiencies by the herd. NUEfarm was also
positively related to FE, but PUEfarm not. Mean NUEherd of
the 6 FE groups (Table 1) were in the intermediate range of
values suggested by Powell et al. (2010), but their model farms
consisted of lactating dairy farms only. Our mean NUEfarm
values (37-45%) were also at the lower half of the ranges
(35–65%) suggested by Powell et al. (2010) and Powell and
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Relationship between FE and NH3 and
CH4 emissions

Rotz (2015) for dairy herds without young stock, but they
were higher than the mean (25%) of grassland-based dairy
farms in Ireland (Mihailescu et al., 2015a), which have more
grass in the ration than farms in NL. Our estimates were
more or less similar to the means (20–40%) found in a global
review of grassland based-dairy farms (De Klein et al., 2017).
Differences between farms in NUEfarm are in part related to
the externalization of feed production and manure utilization
by dairy farms with a relatively high (>15 Mg ha−1 yr−1 ) milk
production per ha of farm land (De Klein et al., 2017; Quemada
et al., 2020; Oenema and Oenema, 2021). This externalization
of feed production and manure utilization by dairy farms
occurs on farms with a high milk yield per ha of farm land
(Supplementary Table S3). When the dairy farms were ordered
in ascending order of milk production per ha of land; the
amounts of N and P in purchased feed and in exported manure
strongly increased with the intensity of production (Oenema and
Oenema, 2021).
PUEherd was positively related to milk production per cow
and negatively to the P content of the ration (Table 3). These
results confirm the results of a meta-analysis of 44 feed trials:
PUEherd (in g g−1 ) = 0.42 + 0.23 x FE – 0.11 x Pfeed (Klop
et al., 2013). This equation explained 76% of the variance
in PUEherd , which is less than the 90% explained by the 6
explanatory variables of the regression equation used in our
study (Table 3). The range of PUEherd values found by Klop
et al. (2013) is more or less similar to values (41–48%) derived
when the P nutrient requirements of lactating dairy cattle (NRC,
2001) are followed, but are significantly higher than the ranges
(32–40%) found in our study (Table 1). The difference in mean
ranges between our study and those of Klop et al. (2013) is
related to the fact that our estimates relate to the whole herd
over a whole year. There is little data in literature on the
variation in PUEherd of dairy farms in practice; a recent farm
survey confirmed that most dairy farmers do not know the P
content of the ration and PUEherd and PUEfarm (Harrison et al.,
2021).
PUEfarm was strongly related to the P use efficiency of
the soil-crop compartment and only marginally to PUEherd
(Table 3). PUEfarm roughly ranged between 102 and 113%.
Such high PUEFarm levels are unlike the situation in most
other intensive dairy farms (Spears et al., 2003; Gourley
et al., 2012; Mihailescu et al., 2015b). These high PUE
values reflect a negative P surplus at farm level and soil
P mining, due to P fertilization limits as function of
soil P status. The externalization of the (in)efficiencies of
feed production also contributed to a high PUE; assigning
a P use efficiency coefficient to purchased feed strongly
decreased overall mean farm PUE and strongly decreased
the differences among FE groups in farm PUE (Table 2).
A relative constancy of PUEfarm has also been reported
for dairy farms in Virginia, USA (Pearce and Maguire,
2020).
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The dairy sector has decreased total NH3 emissions by more
than 50% between 1990 and 2020 through a combination of
low-protein feeding, increases in productivity and decreases
in the number of animals, and low-emission manure storage
and manure application to land (Van Bruggen et al., 2021). By
2030, the dairy sector is required to reduce total NH3 emissions
by another 50% (Erisman, 2021). There is debate about the
measures needed (Stokstad, 2019); about the contributions of
low-emission housing systems, low-protein rations, improved
low-emission manure application technology and buy-out of
dairy farms (i.e., a decrease in the number of livestock). A
recent study indicated that there are large differences between
forerunners and laggers, and that bridging the gap between these
two groups would greatly decrease N surpluses and increase
farm income (Lamkowsky et al., 2021). Results of our study
indicate that there were large differences among farms in NH3
emissions per kg milk produced. This suggest that there is
room for lowering mean NH3 emissions through increasing
FE and NUEherd , increasing grazing intensity and decreasing
the number of young stock per cow (Table 3). These possible
measures are less costly than low-emission housing systems and
by-out of dairy farms, and therefore should be explored further.
However, the suggested measures may not be feasible on all
farms equally.
Following the 2015 Paris Climate Agreement, the
Netherlands aims to decrease GHG emissions by at least
49% relative to 1990 (Coenen et al., 2017), and the dairy sector
has to reduce CH4 emissions by at least 1.0 MT CO2 -eq. Main
suggested strategies include changing feed composition, adding
feed supplements and improving farm management (McAllister
and Newbold, 2008; Cameron et al., 2018; Van Gastelen
et al., 2019). Our results support these general strategies; FE
and the composition of the ration are the key factors for
explaining variations in enteric CH4 emissions among dairy
farms (Table 3). Emissions of CH4 from enteric fermentation
decreased with an increase of FE (Figure 3, Table 1). Hence,
enteric CH4 emissions contributed 45% to the total GHG
emissions in group 1 and 38% in group 6; this indicates that
GHG emissions associated with other sources (i.e., imported
feed) considerably increased with an increasing FE (Table 1).

Conclusions
A unique database with empirical data and supported with
model calculations from >12,000 grassland-based dairy farms
over 4 years (2017-2020), collected through the KringloopWijzer
model, allowed us to examine the relationships between feed
efficiency (FE), N use efficiency (NUE), P use efficiency (PUE),
and ammonia (NH3 ) and methane (CH4 ) emissions at herd and
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Data availability statement

farm levels. Evidently, FE, NUE, PUE and NH3 and methane
CH4 emissions were not measured, but calculated on the basis
of detailed farm monitoring data and up-to-date models.
Detailed analysis of the 2020 data showed that there were
large differences between farms. NUEherd , PUEherd , NUEfarm ,
PUEfarm , and NH3 and CH4 emissions per kg milk produced
were all related to FE; the statistical analysis revealed that
the performance indicators were explained by a set of 5 to
6 explanatory variables (Table 3). Surpluses of N and P were
strongly influenced by agri-environmental regulations.
The mean FE at herd level was at the lower end of the values
presented in literature, but the latter are mainly based on feed
trials with lactating dairy cows only. Also, our study accounts
for variations across a whole year. The variation in FE among
farms (roughly 0.9–1.3 kg (kg FCPM)−1 was related to milk
production and the number of young stock per cow, and to the
share of silage maize, concentrates, and silage grass in the ration.
Interestingly, emissions of NH3 and CH4 decreased with
an increase in FE when emissions were expressed per kg of
milk produced. Our study indicates that there is potential
for decreasing emissions of NH3 and CH4 from the dairy
sector through increasing FE. However, recommendations for
enhancing FE should be made at farm level, based on farmspecific data.
The externalization of the (in)efficiencies associated with
purchased feed, export of manure, and to a lesser extent
the raising of young stock contributed to the apparent
increase in NUE and PUE at farm level with increasing
FE. We partly corrected for these externalization effects,
but note that there is currently no common protocol for
accounting externalization effects. We recommend that such
common protocol is made, because intensification of dairy
production is a worldwide phenomenon, and farm NUE, PUE,
N surplus and P surplus are increasingly seen as important
performance indicators.
Intensive livestock production is debated because of its
roles in resources use, N and P pollution of the environment,
greenhouse gas emissions, and their impacts on landscape,
birdlife and biodiversity. Our study contributes to this debate
by presenting data and insights from intensive grasslandbased dairy farms in The Netherlands that greatly differ
in intensity and that are challenged by the government,
dairy industry and society at large to improve production
performance to be able to obtain and prolong a license
to produce.
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